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Molecular engineering studies on the meso-cyano difluoro dipyridomethene boron complexes are
presented and two series (a and b) of novel fluorophores are extensively studied. Halogenated
derivatives were reacted under Suzuki-Miyaura or Sonogashira cross coupling reactions to introduce
electron-donating or electron-withdrawing functional groups on positions 1 and 2 of the aromatic
ligand. All derivatives were obtained in 14-90% yields and studied in detail by structural, photophysical
and computational analyses. Both series display excellent emissive properties in solution with blue to
orange fluorescence emission upon blue light absorption and promising features as solid emitters. All
the spectroscopic measurements are supported and confirmed by first-principles theoretical
calculations combining TD-DFT and CC2. Series b, featuring an aryl substituent onto position 1 of the
aromatic core, showed significantly large Stokes shifts values.

Introduction

In recent years, polycyclic aromatic systems have been at the center of the research developing
advanced fluorescent materials, optoelectronic devices, biological probes, and theranostic systems. !
Functionalization with main group elements, such as boron and nitrogen, not only increases the
structure diversity but also confers novel physical and chemical properties. > 3 The presence of
nitrogen-boron bonds into polycyclic aromatic structures, e.g. naphthalene, * ° anthracene, ©
phenanthrene, ” and perylene backbones,” led to improvements of their physical and spectroscopic
properties compared to the corresponding all-carbon parent structure. ® Four-coordinated nitrogen-
chelated boron complexes is an effective strategy to obtain photoluminescent compounds. ° Indeed
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boron complexation increases molecular rigidity and planarity of the aromatic core leading to highly
fluorescent dyes. > 1% 111213 Among the four-coordinated boron-containing fluorescent dyes, 4 1> 16
4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPYs) are by far the most developed. 1718 1920, 21,22, 23,
24 Their synthetic versatility, high extinction coefficient (¢) and often large fluorescence quantum yields
(de), good chemical robustness and stability found a wide range of applications in various areas, e.qg.
biological sensors, imaging agents, lasers, electroluminescent devices, as well as solar cells. 7181920,
21,22,23, 24 However, their application as thin films in organic light emitting diodes, in aqueous media for
sensing and imaging is limited because of the highly planar structure and extended m-conjugation of
BODIPYs inducing -t stacking and aggregation, quenching the emissive properties. *1® Furthermore,
they exhibit small Stokes shift values, leading to self-absorption processes and subsequent detrimental
photobleaching. %> To overcome these limitations, the development of BODIPY analogues remains an
active research area.® ¢

Compared to BODIPYs and despite the presence of the pyridine as chelating ligand, which enhances
the fluorescent emission properties 27 28:29.30.31.32,33 jt js striking to see how little the four-coordinated
difluoro dipyridomethene boron complexes, also known as BF,-DIPYRs, has been investigated. Beside
the initial synthetic reports, 3#3° the first description of the physical and spectroscopic properties as
well as the synthetic diversification of the structure was reported only recently. * 3¢
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Figure 1. Reported BF,-DIPYR dyes and targeted compounds in the present work.

Meso-cyano (meso-CN) BF,-DIPYR complex and the corresponding 2-substituted derivatives show
moderate fluorescence emission both in solution and in the solid state (Figure 1).3® Later, this scaffold
found applications as emitters in solar cells and as chemosensors for hydrazines. 3”38 A detailed study
on BF,-DIPYR (X = CH, Figure 1) as well as the corresponding quinoline- and isoquinoline-based
complexes was reported in 2017 only. 3° Except for the unsubstituted parent compound, the m-
extended derivatives display similar spectroscopic properties to BODIPY dyes with relatively high molar
absorption, good photostability, and efficient green fluorescence emission in solution. 3 Dimers of the
latter show valuable symmetry-breaking charge-transfer features for further applications in
optoelectronic technologies. *° The corresponding aza-BF,-DIPYRs (X = N, Figure 1) have been also
synthetized. # 4% 43 4% Compared to the aza-BODIPYs absorbing and emitting light in the red/near



infrared (NIR) region, * 2* 22 replacing the meso carbon with a nitrogen in the BF,-DIPYR scaffold
induces a hypsochromic shift of both absorption and emission wavelengths, 4% % 4344 which has been
exploited in white organic light emitting diodes (WOLEDs) applications. 4% 44

Herein, we report our molecular engineering study on the meso-CN BF,-DIPYR complexes via the
introduction of electron-donating and withdrawing functional groups on positions 1 and 2 of the
aromatic ligand core (Figure 1) to extend the structure-property relationship on the meso-CN BF»-
DIPYR, which had, until now, only included examples with bulky substituents in position 2.3® Two series
of mono-substituted meso-CN complexes (a and b in Figure 1) were synthetized in good to high yields
and characterized thoroughly, including by X-ray diffraction analysis. Spectroscopic measurements,
fruitfully rationalized by ab initio calculations, are reported showing excellent fluorescence properties
in solution with colors from blue to orange upon blue light absorption and promising features as solid
emitters. Opposite to similar compounds, the b series also displays remarkably large Stokes shifts
values.

Results and discussion

Synthesis
The synthetic strategy for the preparation of boron complexes 3-7a,b is shown in Scheme 1 and

Scheme 2. Following an earlier report, 3® brominated meso-CN-dipyridomethene 1a,b* reacted with
boron trifluoride in the presence of triethylamine yielding the corresponding BF,-complexes 2a,b (86%
and 84%, respectively). Subsequent Suzuki-Miyaura cross coupling reaction afforded the final

fluorophores 3-6a,b in moderate to high yields (Scheme 1).
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Scheme 1. Synthesis of the aryl-substituted meso-cyano BF,-complexes 3-6a,b via Suzuki-Miyaura cross-coupling reaction. The
numbering of 1a-b and the corresponding complexes (two examples in Figure 2) follows the previous work in ref. 39 for better
comparison of similar compounds.

To increase the distance between the BF,-DIPYR core and the aryl substituent, complexes 7a-b
featuring an aniline-substituted triple bond were targeted via a Pd-catalyzed Sonogashira cross
coupling. While boron complex 7a was obtained from 2a via Sonogashira cross coupling reaction
(Scheme 2), the corresponding complex 7b was obtained through BF,-complexation of the ligand 8,
already functionalized by ethynyl-extended aniline derivative under Sonogashira cross coupling
reaction conditions (Scheme 2). Indeed, compound 2b showed to be prone to degradation and
dehalogenation under the reaction conditions used for the synthesis of 7a. It is probably because of
the steric hindrance of position 1 on 2b compared to position 2 on 2a slowing the oxidative insertion
of the catalyst and favoring other side reactions. This might also explain the low yields of 7b and the
other b complexes (Scheme 1).
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Scheme 2. Synthesis of the aryl-substituted 2-cyano BF,-complexes 7a,b via Sonogashira cross-coupling reaction.

The final structures and all the intermediates were characterized by NMR spectroscopy (*H, *3C, 1B
and °F) and HRMS, see Supporting Information (SI).

Interestingly, as previously observed by Thompson et al. for similar DIPYR derivatives, 3 *H NMR of the
BF,-complexes 3a-7a feature the pyridyl a protons, H1 and H11, as broad singlets instead of the
expected singlet and doublet, respectively, because of the short intramolecular H-:-F distances (3a is
shown in Figure 2 as example). In the DFT calculations the H11 and H1 and the closest fluorine are
indeed quite close from one another (2.32 A). However, this does not significantly affect the resonance
of the corresponding carbons, which are shown as broad singlets.
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Figure 2. 1H and 13C NMR spectra analysis of dyes 3a (left) and 3b (right).

Concerning the BF,-complexes 3b-7b, 'H and *C NMR suggest a proximity of both the aryl ortho
protons, H13 and H17, and the ortho pyridyl proton, H11, with the fluorine atoms bound to the boron
center (3b is shown in Figure 2 as example). Notably, the CH show a broadening of the expected
doublets in the 'H NMR spectrum and the corresponding carbons are clearly resolved into a triplet (&
=130.4 ppm, Jeiycaze = 3.1 Hz and & = 138.1 ppm, Jei1r = 2.6 Hz for 3b) because of the through-space
coupling to the 1°F atoms. DFT optimizations lead to a rather short H17-F1 distance of 2.34 A in 3b,



smaller than the sum of van der Waals radii, consistent with a non-trifling interaction (see also below
for XRD/DFT comparisons of other compounds).

Structural properties

Single crystals of 5a,b were obtained by slow evaporation of deuterated chloroform and the
corresponding molecular structures were obtained by X-ray diffraction as shown in Figure 3 and Figure
S4. As general analysis of the structure, the carbon-carbon bond lengths of the DIPYR aromatic core in
5a,b are consistent with those of similar boron complexes and the anthracene (Figure S4, a).3%3%47 As
previously observed, C-N bond lengths, notably C1-N1, C5-N1, C7-N2 and C11-N2 in 5a,b (Figure S4,
a), are longer (averaged values >1.36 A, closer to 1.38 A on the side of the substitution) than the values
found in the pyridine (1.337 A) and closer to those in anthracene, because the boron chelation reduces
the electron density on the nitrogen and thus the polarization of the corresponding C-N bond. The
N-B (averaged value 1.56A from 1.550(4) to 1.575(2) A) and B-F (1.375 from 1.368(4) to 1.393(4)A)
distances indicate a significant polarization of the corresponding bonds and they are all in the typical
range found in molecular analogues (including BODIPY derivatives). Similarly, the central ring adopts
an intermediate conformation between screw-boat and boat, *® with the -BF, group lying above the
aromatic plane, as it is also observed as in previous examples (Figure S4, b). DFT reproduces this very
same conformation in the simulations made in solution, so it does not result from solid-state packing.

Figure 3. Molecular structure of 5a,b; displacement ellipsoids are drawn at the 50% probability level. For 5a only one
conformer out of three present in the asymmetric unit as well as a disordered deuterated chloroform molecule, is shown for
clarity.

Regarding the arrangement of the aryl groups towards the DIPYR core, the torsion angles were
obtained in the range of 3.4-7.7° (5a) and 69.5° (5b), suggesting that the substituent in position 2 is
almost co-planar with the central aromatic scaffold, while that in position 1 is almost perpendicularly
twisted. Interestingly, DFT optimizations carried out in solution deliver the following torsional angles:
37.8° (5a) and 68.1° (5b). This indicates that while the torsions in 5b are intrinsic to the system, the
very small distortion in the X-ray structure of 5a probably comes in part from packing effects, as a ca.
30° discrepancy between theory and measurements is unlikely to stem from the DFT inaccuracies only
(note that we used a functional that is known to be adequate for dispersion effects). Crystal packing
of 5a and 5b were obtained and used as references for the two series of dyes (Figure 4, Figure 5 and
Figure S9).
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Figure 4. Partial view of the crystal packing of 5a in /ayers (a) paral/el to the (111) plane.

5a crystallized in a centrosymmetric triclinic unit cell composed of six molecules (three independently
refined conformers A, B and C) and some voids partially occupied by deuterated solvent CDCl;
molecules. Quasi-planar molecules 5a (rsmds for the 23 non-H atoms except BF, are 0.1435, 0.1688
and 0.0751A and dihedral angles between DIPYR and the Phe-CN are 6.6, 7.7 and 3.4° for A, B and C
conformers, respectively) lie in successive layers parallel to (111) plane with a regular interplanar

distance of ca 3.3 A, despite an alternative stacking pattern along the [101] direction ( AV/BJ/aC

layers with solvent molecules dispersed between the AV/B2 interlayer). Per layer, the elongated
molecules 5a with the benzonitrile substituent in C2 are oriented in an antiparallel way along the [-
110] direction. In fine, the molecules infinitely stacked with their different aromatic groups overlapping
at centroid-to-centroid distances in the range of 3.65-3.85A (Figure S9, c). 5b, which are substituted in
C1, crystallized in a centrosymmetric monoclinic unit cell with one molecule in the asymmetric unit. 5b
packed in a herringbone fashion but without optimal overlap between the aromatic rings (the centroid-
to-centroid distances exceed 4.7A in the crystal packing, Figure 5).

Figure 5. Partial views of the crystal packing of 5b down the a axis (left). Zoom on the molecular DIPYR stacking showing no
close -t interactions (orange dots are the hetero, 6-members centroids dotted lines in cyan underscore distances > 4.74).

Photophysical properties

The photophysical properties of boron complexes 3-7a,b were characterized by UV/Vis absorption and
emission spectroscopy in both solution and the solid state (Table 1 and Table S1 for series a, Table 2
and Table S2 for series b). UV/Vis and emission spectra are shown in Figure 6 (3a and 5a), Figure 7
(6a/6aH*), Figure 8 (3b and 5b) and Figure 9 (6b) as well as in Figure S1 (4a and 7a/7aH*) and Figure
S2 (4b, 6bH*, 7a/7aH"). Emission spectra of 3-7a,b in the solid state are shown in Figure S3.

Table 1. Photophysical data of 2a (hexane) and 3-7a (p-xylene) in solution and in solid state at room temperature.

Solution Solid
Aabs € Fmax AE ASS (013 T kr (s?) kar (s%) Fmax 12
(nm) (x 10° M*-cm?) | (nm) (eV) (em?) | (%)2 | (ns) (nm) (%)
2% 451 2.4 473 n.d. 3 n.d. n.d. n.d. 513 0.02




3a 461 3.4 477 | 264 768 38 2.4 1.58x10% | 2.58x 108 514 3.0
(0.13)

4a 457 3.9 472 | 267 647 46 2.6 1.80x107 | 2.12x 108 520 1.0
(£0.03)

5a 461 45 475 | 2.64 639 43 2.0 | 2.15x108 | 2.85x108 518 <1
(0.02)

6a 472 3.1 500 | 2.55 1186 44 2.4 1.83x10% | 2.33x10° 542 2.0
(£0.02)

6aH'®l | 460 3.0 474 | 265 642 38 23 | 3.48x107 | 4.00x108 n.d. n.d.

7a 471 46 491 | 257 865 51 2.1 2.43x10° | 2.33x10° 565 7.0
(£0.03)

7aH®l | 466 43 490 | 2.59 1051 47 2.1 224x107 | 2.52x108 n.d. n.d.

lal ¢ were calculated by using Rhodamine 6G as a reference (Aexc = 488 nm, ¢ = 0.88 in EtOH); P! protonation was performed
by bubbling HCl vapors in the solution containing 6a and 7a.

The meso-CN BF,-DIPYR complexes 3-7a display a main absorption band corresponding to the So-S:
transition with extinction coefficients of similar intensity to other reported DIPYR derivatives (¢ = 10*
M1.cm™, Table 1). Increasing the solvent polarity induces a small hypsochromic shift together with an
intensity increase of the less defined 0-1 vibronic transitions as compared to the 0-0 one,
independently of the electronic nature of the phenyl substituent in position 4 (Figure 6 and Figure S1).
Theoretical calculations on both 3a and 3b (see below) indicate a small decrease of the magnitude of
the dipole moment in going from the ground to the excited state, which is consistent with negative
solvatochromism. As expected, this vibronic band becomes less defined when going from nonpolar
solvents (toluene and/or p-xylene) to the most polar one (DMSO). Adding electron-rich substituents
on the phenyl group, notably NEt; and NMe;, induces a significant bathochromic shift of the main
absorption band compared to electron-deficient groups, i.e. -F and -CN. Furthermore, the broadening
of the band and the loss of differentiation between the two vibronic transitions suggest that a sizeable
intramolecular charge-transfer (ICT) character is present and follows the NEt;Ph > NMe;Ph-= > OMePh
> FPh > CNPh order (Figure 7 and Figure S1). To study how the change of the induction effect influences
the spectroscopic behavior of complexes 6-7a, protonation of the amino group with HCl vapors is
performed. Even if the € of the corresponding 6aH* and 7aH" is not significantly affected, it induces a
narrowing as well as a hypsochromic shift of the main absorption band as compared to the non-
protonated form, clearly in the line with a strong reduction of the ICT, getting back to a S1-Sp emission
observed in nonpolar solvents (Figure 7 and Figure S1). Concerning the fluorescence emission, meso-
CN BF,-DIPYR complexes 3-5a are luminescent in solution with excellent fluorescence quantum yields
(df) of 40-50% and large Stokes shifts (ASS, Table 1 and Table S1) increasing with the solvent dipole
moment reaching a maximum in DMSO of 1193 cm™ (3a), 1214 cm™ (4a) and 1092 cm™ (5a).
Furthermore, the emission shows a small enhancement of the ICT band, which leads to a slight shift of
the S;1-So peak with the increase of the solvent polarity, and it appears as a well-resolved symmetric
mirror-image of its absorption counterpart (Figure 6 and Figure S1).
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Figure 6. Absorption (plain line) and emission (dotted line) spectra of dyes 3a and 5a in multiple solvents.

In the case of 6a, the emission band is well-structured in nonpolar solvents, while increasing the
solvent polarity gives a significant bathochromic shift, a poorer vibronic resolution (Figure 7) as well as
an enhanced ASS reaching a maximum of 4277 cm™ in DMSO (Table S1). However, the ¢r of 6a drops
dramatically when going from nonpolar to polar solvents, consistent with a solvatochromic system

switching from a localized excited state to a low-lying ICT one.
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The emissive properties of 7a are similar to those of 6a (Table 1, Table S1, and Figure S1). However,
the fluorescence emission band of 7a becomes more and more difficult to interpret in ACN and DMSO
(Figure S1), suggesting emission from two different forms, e.g. the neutral and the protonated
structures. Nevertheless, vapors of NEt; were added to neutralize the solution and no changes were
observed. Upon protonation of 7a a hypsochromic shift of the maximum peak is observed with no
impact of the polarity of the solvents and excellent ¢r (40-50%, Table S1), resembling the behavior of
6a.

The fluorescent lifetimes of complexes 3-7a are all in the nanosecond range with significant non-
radiative rate constants, both values are expected for organic fluorescent compounds.

Table 2. Photophysical data of 3-4b (p-xylene), 2b, 5-6b/6bH* (toluene) and 7b (dichloromethane) in solution and in solid state
at room temperature.

Solution Solid

Aabs € Frax AE ASS br T kr (s%) Kknr (s2) Frnax (073

(nm) (x10°M*-cm?) | (nm) | (eV) (cm?) | (%)@ | (ns) (nm) (%)

2b 460 2.6 480 2.65 906 1 n.d. n.d. n.d. n.d. n.d.

3b 454 2.5 553 2.68 3895 15 2.1 7.14 x 107 4.05 x 108 528 3.0
(+£0.03)

4b 454 2.8 551 2.65 4008 6 1.1 5.45 x 107 8.55 x 108 505 2.0
(0.01)

5b 455 2.3 588 2.55 4971 =1 n.d n.d n.d 542 6.0
(+0.02)

6b 456 2.6 564 2.55 4337 35 3.4 1.03 x 108 1.91 x 108 522 8.0
(0.07)

6bH*®! 456 2.2 n.d n.d n.d n.d n.d n.d n.d n.d. n.d.

7b 471 1.7 528 2.44 2292 44 5.0 8.74 x 107 1.11 x 108 569 2.0
(£0.01)

7bH*®] 460 1.1 581 2.42 4527 4 1.0 4.21x107 1.01x10° n.d. n.d.

lal ¢ were calculated by using Rhodamine 6G as a reference (Aexc = 488 nm, ¢r = 0.88 in EtOH); [l protonation was performed
by bubbling HCl vapors in the solution containing 6b and 7b.

As for the meso-CN BF,-DIPYR complexes of series a, the corresponding series b also absorbs light in
the UV/Vis blue region with £ of 10* Mt.cm™ (Table 2 and Table S2). The main absorption band
corresponding to the So-S; transition appears structured in p-xylene, while it becomes significantly
broader and less defined in more polar solvents with a small hypsochromic shift of the maximum peak
(Figure 8 and Figure S2). Furthermore, in contrast to the 3-7a, the electronic nature of the substituents
on the phenyl group in 3-6b affects neither the absorption wavelength nor the intensity (Table 2 and
Table 2S). However, the combination of a m-extended conjugation and the electron-donating nature
of the tertiary aniline in 7b induces a significant bathochromic shift of the absorption maximum peak
as for the corresponding 7a (Figure S1). Due to the poor solubility of 7b in most of the tested solvents
except dichloromethane, it was not possible to analyze the effect of solvent polarity on the absorption
profile.
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Figure 8. Absorption (plain line) and emission (dotted line) spectra of dyes 3b and 5b in multiple solvents.

BF,-DIPYR derivatives 3-6b display a very broad and unstructured fluorescence emission band whose
maximum peak is slightly bathochromically shifted with the increase of the solvent dipole moment
(Figure 8, Figure 9 and Figure S2). Large ASS, in the 3000-6000 cm™ range, with a maximum in DMSO
are observed for 3-6b (Table 2). Dyes 3-5b are weakly luminescent with ¢r values dropping in polar
solvents (Table S2). Theoretical calculations on both 3b and 5b (see below) indicate a remarkable
change in the geometry of the complexes upon excitation, especially in 5b. This induces a significant
ICT character with a decrease in the ¢r values going from nonpolar to polar solvents. It also explains
why the fluorescence emission is no longer the mirror-image of the absorption counterpart and,
consequently, the large Stokes shifts. Notable exceptions are complexes 6-7b that stand out as the
most fluorescent dyes in the series with ¢r values of 35% for 6b and 44% for 7b decreasing slightly in
polar solvents (Table 2 and Table S2). Upon protonation of the tertiary anilines, the main absorption
band remains unvaried, while the fluorescence emission is quenched. Concerning the 7bH*, the main
absorption band becomes broader, more unstructured and hypsochromically shifted compared to 7b.
In contrast to 6bH?, it displays still a residual fluorescence emission with ¢r of about 4%.

As for the a series, the corresponding 3-7b also show short fluorescent lifetimes because of the strong
non-radiative component of the excited complex deactivation.

The low values of ¢ of derivatives 2a-b (Table 1 and Table 2) are consistent with substitution of the
fluorescent aromatic BF,-DIPYR core with halogen, which enhances the intersystem crossing (1SC) and
the excited triplet state (T1) generation. The steady-state spectrum at low temperature showing the
emission of both the singlet and the triplet emission of the novel compound 2b has been recorded in
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methyl tetrahydrofuran at 77 Kand it shows as a peak at 540 with a vibronic shoulder at 580 nm (Figure
S 4). As expected, the fluorescence emission at 77 K is more structured with well-defined vibrational
transitions compared to that at room temperature (Figure S 5).
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Figure 9. Absorption (plain line) and emission (dotted line) spectra of dye 6b.

In contrast to other boron complexes, notably BODIPY!* > and previous BF,-DIPYR derivatives shown
in Figure 1,% all the synthesized complexes 3-7a,b exhibit fluorescence in the solid state with maxima
in the 500-560 nm range. Compared to the previously reported meso-CN BF,-DIPYRs, 3¢ dyes 3-7a,b
display moderate emissive properties independently of the conformation (planar and more twisted for
the a and b series, respectively) or the electronic nature of the phenyl substituent. As shown by the
observed crystal packing, the Tt-Tt network observed for the series a could cause fluorescence

guenching in the solid state and low ¢-. In contrast, the crystal packing of series b with no Tt-stacking
or other intermolecular interactions display more efficient emissive properties in the solid state (=
6% in Table 2).

Theoretical calculations

First-principles calculations were used to obtain additional insights into the excited-state properties of
the synthesized compounds, using a theoretical approach described in detail in the SI. The main
spectral data are listed in Table 3. The 0-0 energies do offer a ground for meaningful theory-experiment
comparisons and the mean absolute deviation between experiment and theory is very small (0.06 eV),
which clearly indicates that the level of theory selected is suited for our purposes. Furthermore, the
main trends, measured for the 0-0 energies, the absorption, and fluorescence wavelengths, are
reproduced by calculations. However, the vertical absorption and emission wavelengths listed in Table
3 can only be qualitatively compared to the experimental maximal absorption and emission.

Table 3. Computed vertical absorption and emission wavelengths in nm, as well as 0-0 energies in eV for all compounds in p-
xylene but for 2a (hexane) and 2b (toluene)

Compound Avert-abs Avert-fluo AE®°
(nm) (nm) (eV)

2a 409.4 476.3 2.657
2b 411.4 513.1 2.646
3a 416.3 454.8 2.664
3b 411.2 482.7 2.659
4a 413.8 449.4 2.690
4b 409.9 498.4 2.646
5a 417.9 454.5 2.671
5b 411.5 551.8 2.509
6a 429.3 484.5 2.532
6aH* 420.1 461.8 2.621
6b 420.3 486.8 2.597
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6bH* 411.8 592.9 2474
7a 434.4 477.4 2.541
7aH* 428.5 468.2 2.573
7b 440.7 508.0 2.442
7bH* 441.9 598.0 2.184

One of the most striking experimental findings is that in nonpolar solvents, the a and b series give
rather similar absorption spectra, yet very different fluorescence profile: the fluorescence of the a
derivatives is mostly the mirror image of the absorption, whereas that of the b compounds has more
redshifted and lower vibrational resolution, typical of an ICT fluorescence. The theoretical simulations
do reproduce this effect. lllustratively, let us compare 3a and 3b as well as 5a and 5b, the former being
substituted by donor group (anisole), the latter by an accepting group (benzonitrile). The absorption
of 3ais redshifted by 6 (5) nm as compared to 3b experimentally (theoretically), and similar values are
obtained when comparing 5a and 5b (6 (6) nm). In both cases, the ordering of the compounds can be
easily intuited: in the a series the side groups are almost coplanar whereas steric effects induce a less
planar conformation in the b series. For instance, the (ground-state) dihedral angle between the core
of the dye and the side phenyl ring is 38° in 3a but 64° in 3b. Interestingly, the ordering is reversed for
fluorescence, 3b’s emission spectra being bathochromically shifted by 76 (28) nm experimentally
(theoretically). Again, the values for 5a/b show the same trends 113 (98) nm, but they cannot be
explained by simple geometric considerations. We recall that due to the lack of vibronic couplings (see
also below), such theory/experiment comparison remains qualitative, yet the key trend is restored. To
understand why such unexpected inversion occurs, we provide in Figure 10, electron density difference
plots (EDDs) for both absorption and emission for all these four compounds. For both 3a and 5a, these
plots reveal that the density changes are mostly located on the dipyrrin core, with a significant
contribution of the central cyano moiety but rather small involvement of the side groups, consistent
with the fact that 3a and 5a have similar absorption spectra. Furthermore, the EDDs for both
absorption and emission of these two compounds, are almost perfectly inverted, consistent with the
rather small Stokes shift and the mirror-image absorption and emission spectra (Figure 10). In 3b and
5b, the absorption EDDs are essentially equivalent to their 3a and 5a counterparts, the side groups
playing almost no major role, again fitting experimental trends (Figure 10). However, the fluorescence
EDDs are no longer the symmetric of their absorption counterparts, but show rather significant ICT
character, especially in 5b (Figure 10). This is likely due to a significant change of geometry allowing
some excited-state pseudo- symmetry breaking. Indeed, in 3b, the above-mentioned dihedral angle
goes from 64° in the ground state to 44° in the excited state. The analysis of the EDDs provides a
distance between the electron and hole barycenter of 0.71 A (1.06 A) for absorption but 1.71 A (2.63
A) in 3b (5b) for emission, clearly underlying the increase of ICT character after excited-state relaxation.
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Figure 10. Electron Density Difference (EDD) representation for both absorption and emission of 3a and 3b. A contour threshold
of 0.001 au is used. The blue and red lobes represent region of decrease and increase of electron density upon transition,
respectively.

To go further, we have modelled the vibronic couplings in 3a and 3b (see the Sl for details). The
resulting vibrationally-resolved spectra are displayed in Figure 11. Some vibrational resolution
emerges for both compounds in absorption, with the longest wavelength peak being significantly
dominant in 3b, but not in 3a. The experimental absorption bands of the two compounds are more
alike and in between the one simulated by theory. More interesting are the differences in the emission
profile. 3a features a vibronic progression and a relatively thin spectrum, whereas 3b shows a broader
less resolved emission band, consistent with the experimental findings.
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Figure 11. Simulated vibrationally-resolved spectra (full line) and experimental spectra (dotted line) of 3a (blue) and 3b (green),
considering both absorption (left) and emission (right). For an easier comparison of the band shapes, the figure where the
simulated spectra are shifted to match the experimental ones is in the Sl as Figure S12.

Regarding the amino-substituted dyes 6a/b and 7a/b, the EDD plots are displayed in Figure 12 for the
aseries and Figure 13 for the b series. The donor character of the amino group is present, but it remains
limited in both 6a and 7a. These small contributions are consistent with the small absorption redshifts
as compared to the other members of the a series (ca + 10 nm). As expected, protonation of the amino
group makes the side moiety a passive element in the excited state, and the redshift vanishes.
Concerning the amino derivatives in the b series, while the absorption of 6b and 7b are not much
affected by protonation (as in the a series), the fluorescence emission of 6b is quenched and that of
7b is strongly redshifted upon protonation. Both results are reproduced by theory (Table 3). As it can
be observed from the EDDs of 7b in Figure 13, the emission EDD is almost the mirror-image of its
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absorption counterpart, consistent with the experimental spectra of Figure S2. In contrast to the a
series, protonation does not simply quench the donor character of the amino group, it induces a
significant ICT from the core of the dye towards the ammonium moiety (as for absorption). This ICT is
consistent with the strong decrease of the emission yield noticed in the 7b after protonation.

ey,
6a (I-.Abs)vf GaH’f(Abs) T

Figure 12. Electron Density Difference (EDD) representation for both absorption of 6a and 7a, under neutral and protonated
form. See caption of Figure 10 for more details.
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Figure 13. Electron Density Difference (EDD) representation for both absorption and emission of 7b. See caption of Figure 10
for more details.

We have also estimated the singlet-triplet gaps and spin-orbit coupling (SOC) couplings for 2a and 2b,
as well as 3a and 3b, the latter being used for comparison purposes. These calculations were
performed on the relaxed S; geometry. In 2a, the S;-T; gap is -0.31 eV and the second triplet is more
than 0.25 eV above the lowest singlet state. The SOC coupling was found to be moderate between the
two lowest excited states of each spin symmetry, i.e., 0.36 cm™. A different picture is obtained in 2b,
with a S;-T; gap of -0.24 eV and a strong SOC of 2.36 cm™, which is more favorable for ISC. In 3a (3b),
the S;-T; gap is -0.29 eV (-0.21 eV), i.e., rather similar to the two previous compounds, but the SOC
couplings are totally trifling: 0.01 cm™ (0.07 cm™). These values are clearly in agreement with a very
effective ISC in 2b, that presents a very low fluorescence yield (0.01), an efficient one in 2a, that
presents a larger emission yield (0.03), and likely no significant ISC in the other compounds, a trend
consistent with the presence of bromine atoms only in 2a and 2b.

Conclusions

In the present work we reported the synthesis of two series (a and b) of novel meso-CN BF,-DIPYR
complexes. Pd-catalyzed Suzuki-Miyaura cross coupling reaction on both 2- and 1-bromo meso-CN BF»-
DIPYR with various aryl boronic acids yielded efficiently mono-substituted derivatives bearing both
electron-donating and electron-withdrawing groups. Similarly, the distance between the BF,-DIPYR
core and the aryl substituent could be controlled through the introduction of an aniline-substituted
triple bond via a Pd-catalyzed Sonogashira cross coupling on either the halogenated boron complex or
on the ligand before complexation. All derivatives were studied in detail, and, for each series, single
crystals were obtained allowing the analysis of the molecular structure by X-ray diffraction. TD-DFT
and CC2 calculations were also performed, and they showed very nice agreement with the
experimental measurements. We demonstrated that in solution and according to the position on the
aromatic core, the electronic nature of the substituents and the polarity of the environment, these
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novel meso-CN BF,-DIPYR complexes exhibited excellent fluorescence emission properties with colors
from blue to orange upon blue light absorption. Remarkably, 1-aryl meso-CN BF,-DIPYR complexes also
showed large Stokes shifts values (>80 nm or >3000 cm?), *° which open new opportunities for their
biological application as imaging agents. Following the observation of their promising features as solid
emitters, studies to optimize these structures to enhance the emissive properties in solid state are
currently underway in our group.

Experimental section
Compounds 1a,b*® and 2a3® were prepared following literature procedures.

4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile (2b): NEt; (2.8 mL, 20.4 mmol)
and BFs-OEt; (3.9 mL, 32.8 mmol) to a solution of o0-Br-bis(2-pyridyl)acetonitrile (0.20 g, 0.73 mmol) in
CH,Cl; (70 mL) at room temperature and the mixture was subsequently refluxed in an oil bath for 72
h. After cooling down the reaction mixture, the solvent was partially removed under reduced pressure
and the residue was first washed with water (x 3) and then purified via chromatography on SiO,
(CH.Cl,) to give the product in 84% (220 mg, 0.68 mmol) as a yellow solid. *H NMR (500 MHz, CDCls): &
(ppm) 8.21 (br's, 1H), 7.76 (ddd, “J = 8.6, 7.0, 1.5 Hz, 1H), 7.56 (t, 3/ = 7.9 Hz, 2H), 7.42 (dd, /= 8.8, 7.3
Hz, 1H), 7.14 (d, 3J = 7.3 Hz, 1H), 6.99 (t, 3/ = 6.8 Hz, 1H). 3.C{H} NMR (125 MHz, CDCl3): 6 (ppm) 153.4
(Cq, 1C), 149.4 (Cq, 1C), 140.0 (CH, 1C), 138.9 (CH, 2C), 130.9 (C,, 1C), 122.1 (CH, 1C), 119.9 (CH, 1C),
118.9 (Cq, 1C), 115.9 (CH, 1C). **F NMR (470 MHz, CDCls): & (ppm) -122.1 (g, /= 31.5 Hz). *'B NMR (160.5
MHz, CDCls): 6 (ppm) 1.58 (t, J/ = 31.5 Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for C;2HsBBrF;Ns:
321.995723; found 321.9933082.

General procedure for the Suzuki-Miyaura cross coupling (GP1)

Pd(PPhs),Cl; (0.02 mmol, 0.1 eq.) and K,CO3 (2 M in water, 8.0 eq.) are added to a degassed solution
of 2a or 2b (0.16 mmol, 1.0 eq.) and boronic acids a-e (0.23 mmol, 1.5 eq.) in 1,4-dioxane/EtOH (2/3,
0.04 M) or in toluene (0.04 M) at room temperature and under a positive pressure of argon. The
reaction mixture is warmed up to 80 °C in an oil bath and stirred for 18 h. The solvent is then removed
under reduced pressure and the residue purified by column chromatography on SiO,.

General procedure for the Sonogashira cross coupling (GP2)

Pd(dppf)Cl> (0.02 mmol, 0.1 eq.), Cul (0.02 mmol, 0.1 eq.) and NEt3 (0.02 M) are added to a degassed
solution of 2b or 8 (0.16 mmol, 1.0 eq.) and alkyne (0.19 mmol, 1.5 eq.) in toluene (0.04 M) at room
temperature and under a positive pressure of argon. The reaction mixture is warmed up to 95 °Cin an
oil bath and stirred for 1 h. The solvent is then removed under reduced pressure and the residue
purified by column chromatography on SiO..

3-(4’-methoxyphenyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile  (3a):
Compound 3a was obtained according to GP1 after purification on SiO, (petrol ether or PET/EtOAc,
1/1) in 70% yield (70 mg, 0.11 mmol) as a dark yellow solid. *H NMR (500 MHz, CDCls): & (ppm) 8.34
(brs, 1H), 8.18 (brs, 1H), 7.94 (dd, /= 9.1, 2.0 Hz, 1H), 7.70 (ddd, %/ = 8.6, 6.9, 1.4 Hz, 1H), 7.63 (d, 3/ =
9.1 Hz, 1H), 7.57 (d, 3/ = 8.8 Hz, 1H), 7.49 (d, °/ = 8.8 Hz, 2H), 7.01 (d, 3/ = 8.8 Hz, 2H), 6.92 (t, 3/ = 6.6 Hz,
1H), 3.87 (s, 3H). *C{H} NMR (125 MHz, CDCls): & (ppm) 160.2 (Cq, 2H), 150.4 (C,, 1C), 148.7 (Cq, 1C),
139.4 (CH, 1C), 139.2 (CH, 1C), 138.0 (CH, 1C), 135.0 (CH, 1C), 129.1 (Cq, 1C), 128.0 (Cq, 2C), 127.6 (CH,
2C), 120.4 (CH, 1C), 120.3 (CH, 1C), 119.2 (Cq, 1C), 115.1 (CH, 1C), 115.0 (CH, 2C), 55.6 (CHs, 1C). *F
NMR (470 MHz, CDCl3): & (ppm) -138.5 (q, J = 29.9 Hz). 1B NMR (160.5 MHz, CDCl3): & (ppm) 1.43 (t, J
= 29.8 Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for Ci9H1sBF>N30: 350.1271; found 350.1259.
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3-(4'-fluorophenyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile (4a):
Compound 4a was obtained according to GP1 after purification on SiO, (PET/EtOAc, 1/1) in 88% vyield
(46 mg, 0.14 mmol) as a yellow solid. *H NMR (500 MHz, CDCls): & (ppm) 8.32 (brs, 1H), 8.19 (brs, 1H),
7.91 (dd, 4/ =9.1, 2.1 Hz, 1H), 7.73 (ddd, “J = 8.6, 7.0, 1.4 Hz, 1H), 7.63 (d, 3/ =9.1 Hz, 1H), 7.58 (d, 3/ =
8.8 Hz, 1H), 7.50-7.54 (m, 2H), 7.15-7.21 (m, 2H), 6.96 (t, %) = 6.7 Hz, 1H). 3C{H} NMR (125 MHz, CDCls):
6 (ppm) 164.4 (C,, 2C), 161.9 (C,, 1C), 150.5 (Cq, 1C), 149.1 (C,, 1C), 139.3 (CH, 1C), 139.5 (CH, 1C),
138.3 (CH, 1C), 138.1 (CH, 1C), 135.4 (CH, 1C), 131.8 (d, J = 3.5 Hz, C,, 1C), 128.2 (d, J = 8.3 Hz, CH, 2C),
120.6 (CH, 1C), 120.3 (CH, 1C), 119.0 (C,, 1C), 116.6 (d, J = 21.8, CH, 2C), 115.4 (CH, 1C). **F NMR (470
MHz, CDCls): & (ppm) -138.2 (q, J = 29.8 Hz), -113.0 (s). *B NMR (160.5 MHz, CDCl3): & (ppm) 1.44 (t, J
= 29.8 Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for C1sH1,BF3N3: 338.1071; found 338.1053.

3-(4’-cyanophenyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile (5a):
Compound 5a was obtained according to GP1 after purification on SiO, (PET/EtOAc, 7/3) in 86% yield
(46 mg, 0.14 mmol) as a yellow solid. *H NMR (500 MHz, CDCls): & (ppm) 8.39 (brs, 1H), 8.25 (brs, 1H),
7.93 (dd, %/ =9.2, 2.1 Hz, 1H), 7.77-7.81 (m, 3H), 7.62-7.69 (m, 4H), 7.03 (t, */ = 6.5 Hz, 1H). 3C{H} NMR
(125 MHz, CDCl3): & (ppm) 150.4 (Cq, 1C), 149.8 (Cq, 1C), 140.0 (Cq, 1C), 140.0 (CH, 1C), 138.3 (CH, 1C),
137.6 (CH, 1C), 136.3 (CH, 1C), 133.3 (CH, 2C), 126.9 (CH, 2C), 126.6 (Cq4, 1C), 120.9 (CH, 1C), 120.5 (CH,
1C), 118.6 (Cq, 1C), 118.5 (Cq, 2C), 116.1 (CH, 1C), 112.3 (Cq, 1C). *°F NMR (470 MHz, CDCls): & (ppm) -
138.0 (g, J = 29.7 Hz). 1B NMR (160.5 MHz, CDCls): & (ppm) 1.42 (t, J = 29.7 Hz). HRMS (ESI-TOF) m/z:
[M+H] calcd for CigH12BF2N4: 345.1118; found 345.1115. M.p: 269.6-270.3 °C.

3-(4’-((diethylamino)phenyl))-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile
(6a): Compound 6a was obtained according to GP1 after purification on SiO; (toluene) in 66% yield (40
mg, 0.10 mmol) as a dark yellow solid. *H NMR (500 MHz, CDCl3): 6 (ppm) 8.34 (br's, 1H), 8.15 (br s,
1H), 7.95 (dd, 4= 9.1, 2.1 Hz, 1H), 7.66 (ddd, “J = 8.6, 6.9, 1.5 Hz, 1H), 7.60 (d, 3/ = 9.1 Hz, 1H), 7.54 (d,
3)= 8.9 Hz, 2H), 7.42 (d, 3/ = 8.9 Hz, 2H), 6.87 (t, 3/ = 6.6 Hz, 1H), 6.75 (d, 3/ = 8.9 Hz, 2H), 3.41 (q, %/ =
7.1 Hz, 4H), 1.20 (t, °J = 7.1 Hz, 6H). **C{H} NMR (125 MHz, CDCl3): § (ppm) 150.6 (Cq, 1C), 148.1 (C,,
1C), 147.8 (Cq, 1C), 138.9 (CH, 1C), 138.0 (CH, 1C), 134.0 (CH, 1C), 129.9 (C,, 1C), 127.3 (CH, 2C), 121.8
(Cq, 1C), 120.3 (CH, 1C), 119.4 (Cq, 1C), 114.6 (CH, 1C), 112.2 (CH, 2C), 44.6 (CH,, 2C), 12.7 (CH3, 2C). *°F
NMR (470 MHz, CDCl3): 6 (ppm) -138.8 (q, / = 29.9 Hz). *B NMR (160.5 MHz, CDCl5): & (ppm) 1.44 (t, J
=29.9 Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for C22H22BF>N4: 391.1900; found 391.1900.

3-(4’-((dimethylamino)phenyl)ethynyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-
carbonitrile 7a: Compound 7a was obtained according to GP2 after purification on SiO, (PET/EtOAc,
7/3) in 84% yield (50 mg, 0.13 mmol) as a dark yellow solid. *H NMR (500 MHz, CDCls): 6 (ppm) 8.30
(brs, 1H), 8.19 (brs, 1H), 7.70-7.75 (m, 2H), 7.58 (d, 3/ = 8.9 Hz, 1H), 7.49 (d, 3/ = 9.0 Hz, 2H), 7.39 (d, %J
=8.9 Hz, 2H), 6.96 (t, 3/ = 6.7 Hz, 1H), 6.66 (d, 3/ = 9.0 Hz, 2H), 3.01 (s, 6H). **C{H} NMR (125 MHz, CDCl):
6 (ppm) 150.6 (Cq, 2C), 150.3 (Cq, 1C), 148.3 (Cq, 1C), 140.9 (CH, 1C), 140.3 (CH, 1C), 139.5 (CH, 1C),
138.3 (CH, 1C), 133.0 (CH, 2C), 120.4 (CH, 1C), 119.8 (CH, 1C), 118.8 (Cq, 1C), 115.5 (CH, 1C), 113.1 (Cq,
1C), 111.9 (CH, 2C), 108.7 (Cq, 1C), 94.7 (Cq, 1C), 82.5 (Cq, 1C), 40.3 (CH3, 2C). *F NMR (470 MHz, CDCls):
8 (ppm) -138.5 (g, J = 29.6 Hz). 'B NMR (160.5 MHz, CDCls): & (ppm) 1.25 (t, J = 29.6 Hz). HRMS (ESI-
TOF) m/z: [M+H] calcd for C2;H1sBF2N4: 387.1587; found 387.1590.

4-(4’-methoxyphenyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile ~ (3b):
Compound 3b was obtained according to GP1 after purification on SiO; (toluene) in 39% yield (21 mg,
0.06 mmol) as a dark yellow solid. *H NMR (500 MHz, CDCls): & (ppm) 7.98 (br s, 1H), 7.62-7.68 (m, 3H),
7.52(d, 3/ = 8.8 Hz, 1H), 7.39 (d, 3/ = 8.7 Hz, 2H), 6.95-6.99 (m, 2H), 6.81 (t, 3/ = 6.6 Hz, 1H), 6.69 (dd, *J
= 5.9, 2.4 Hz, 1H), 3.87 (s, 3H). 3C{H} NMR (125 MHz, CDCls): & (ppm) 160.1 (C,, 2C), 153.4 (Cy, 1C),
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151.6 (Cq, 1C), 150.1 (Cq, 1C), 139.3 (CH, 1C), 138.4 (CH, 1C), 138.1 (t, J = 2.6 Hz, CH, 1C), 130.4 (t, J =
3.1 Hz, CH, 2C), 129.8 (C,, 1C), 119.7 (CH, 1C), 119.6 (CH, 1C), 119.5 (CH, 1C), 114.9 (CH, 1C), 113.0 (CH,
2C), 55.3 (CHs, 1C). *F NMR (470 MHz, CDCls): & (ppm) -123.8 (q, J = 32.0 Hz). 1'B NMR (160.5 MHz,
CDCls): & (ppm) 1.57 (t, J = 32.0 Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for CioH1sBF2N3O: 350.1271;
found 350.1241.

4-(4’-fluorophenyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile (4b):
Compound 4b was obtained according to GP1 after purification on SiO; (toluene) in 53% yield (28 mg,
0.08 mmol) as a yellow solid. *H NMR (500 MHz, CDCls): & (ppm) 7.97 (brs, 1H), 7.64-7.70 (m, 3H), 7.53
(d, 3 = 8.8 Hz, 1H), 7.43 (dd, ¥J = 8.5, 5.4 Hz, 2H), 7.10-7.16 (m, 2H), 6.84 (t, *J = 6.6 Hz, 1H), 6.68 (dd, %
= 4.9, 3.4 Hz, 1H). *C{H} NMR (125 MHz, CDCls): & (ppm) 164.3 (Cq, 1C), 161.8 (Cq, 1C), 152.0 (d, J =
56.1 Hz, C,, 1C), 150.0 (Cq, 1C), 139.5 (CH, 1C), 139.3 (CH, 1C), 138.3 (CH, 1C), 138.1 (t, J = 2.6 Hz, CH,
1C), 133.3 (Cq, 1C), 131.0 (dt, J = 8.2, 3.3 Hz, CH, 2 C), 120.2 (CH, 1C), 119.7 (CH, 1C), 119.5 (Cq, 1C),
119.1 (CH, 1C), 115.2 (dd, J = 3.0, 1.7 Hz, CH, 1C), 114.7 (d, J = 21.8 Hz, CH, 2C). **F NMR (470 MHz,
CDCls): & (ppm) -123.2 (q, J = 32.1 Hz), -112.1 (s). **B NMR (160.5 MHz, CDCls): & (ppm) 1.53 (t, J = 32.1
Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for Ci1sH12BFsN3: 338.1071; found 338.1068.

4-(4’-cyanophenyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile (5b):
Compound 5b was obtained according to GP1 after purification on SiO; (toluene) in 62% yield (33 mg,
0.10 mmol) as a yellow solid. *H NMR (500 MHz, CDCl3): 6 (ppm) 7.96 (br s, 1H), 7.66-7.75 (m, 5H),
7.56-7.58 (m, 3H), 6.89 (t, °J = 6.7 Hz, 1H), 6.64 (dd, %/ = 5.6, 2.6 Hz, 1H). *C{H} NMR (125 MHz, CDCls):
6 (ppm) 151.8 (C,, 1C), 150.8 (C,, 1C), 149.9 (C,, 1C), 141.7 (Cq, 1C), 139.8 (CH, 1C), 138.2 (t, / = 2.1 Hg,
CH, 1C), 138.1 (CH, 1C), 131.5 (CH, 2C), 130.0 (t, J = 3.2 Hz, CH, 2C), 120.9 (CH, 1C), 119.9 (CH, 1C), 119.2
(Cq, 1C), 118.5 (Cq, 2C), 118.4 (CH, 1C), 115.7 (CH, 1C), 113.1 (Cq, 1C). F NMR (470 MHz, CDCls): &
(ppm) -122.9 (g, J = 32.3 Hz). B NMR (160.5 MHz, CDCls): & (ppm) 1.52 (t, J = 32.3 Hz). HRMS (ESI-TOF)
m/z: [M+H] calcd for C1sH12BF2N4: 345.1118; found 345.1115. M.p: 226.0-226.5 °C.

4-(4’-((diethylamino)phenyl))-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-carbonitrile
(6b): Compound 6b was obtained according to GP1 after purification on SiO; (toluene) in 55% yield (33
mg, 0.08 mmol) as an orange solid. *H NMR (500 MHz, CDCls): & (ppm) 8.02 (br s, 1H), 7.61-7.65 (m,
3H), 7.50 (d, 3/ = 8.8 Hz, 1H), 7.32 (d, 3/ = 8.7 Hz, 2H), 6.78 (t, 3/ = 6.6 Hz, 1H), 6.73 (d, 3/ = 6.6 Hz, 1H),
6.70 (d, 3/ = 8.9 Hz, 2H), 3.41 (g, %/ = 7.1 Hz, 4H), 1.21 (t, 3/ = 7.1 Hz, 6H). *C{H} NMR (125 MHz, CDCls):
6 (ppm) 154.8 (C,, 1C), 151.7 (C,, 1C), 150.2 (C,, 1C), 148.2 (Cq, 2C), 139.1 (CH, 1C), 138.4 (CH, 1C),
138.1 (t, /= 1.9 Hz, CH, 1C), 130.2 (t, J = 3.5 Hz, CH, 2C), 124.1 (Cq, 1C), 120.0 (Cq, 1C), 119.9 (CH, 1C),
119.6 (CH, 1C), 119.0 (CH, 1C), 114.6 (CH, 1C), 110.1 (CH, 2C), 44.4 (CH,, 2C), 12.8 (CH3, 2C),. **F NMR
(470 MHz, CDCl3): & (ppm) -124.9 (q, J = 31.8 Hz). 1B NMR (160.5 MHz, CDCls): & (ppm) 1.57 (t, J = 31.8
Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for C2H22BF2N4: 391.1900; found 391.1888.

2-(6-((4-(dimethylamino)phenyl)ethynyl)pyridin-2(1H)-ylidene)-2-(pyridin-2-yl)acetonitrile (8):
Compound 8 was obtained according to GP2 after purification on SiO; (CH,Cl,/MeOH 99.5/0.5) in 51%
yield (62 mg, 0.18 mmol) as red solid. *H NMR (500 MHz, CDCls): § (ppm) 16.3 (s, 1H), 7.89 (m, 1H),
7.49-7.41 (m, 4H), 7.39 (dqg, “J=8.9, 1.1 Hz, 1H), 7.31 (dd, /= 8.7, 1.1 Hz, 1H), 6.84 (d, 3/ = 7.3 Hz, 1H),
6.70 — 6.66 (m, 2H), 6.59 (t, 3/ = 6.4 Hz, 1H), 3.03 (s, 6H). 3C{H} NMR (125 MHz, CDCls): & (ppm) 156.1,
155.1, 150.9, 138.2, 136.8, 136.4, 135.7, 133.4, 122.5, 120.4, 118.6, 117.3, 112.4, 111.9, 108.2, 93.4,
85.1, 68.4, 40.3. HRMS (ESI-TOF) m/z: [M+H] calcd for CH19N4: 339.1604; found 339.1602.

4-(4’-((dimethylamino)phenyl)ethynyl)-4-bromo-4a,5a-diaza-5,5-difluoro-5-bora-anthracene-10-
carbonitrile (7b): NEt; (0.38 mL, 2.52 mmol) and BFs-OEt; (0.33 mL, 2.70 mmol) to a solution of
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compound 8 (0.062 g, 0.18 mmol) in CH,Cl; (20 mL) at room temperature and the mixture was
subsequently refluxed in an oil bath for 3 h. After cooling down the reaction mixture, the solvent was
partially removed under reduced pressure and the residue was first washed with water (x 3) and then
purified via chromatography on SiO, (PET/EtOAc, 1/1) to obtain complex 7b in 14% yield (10 mg, 0.03
mmol) as orange solid. *H NMR (500 MHz, CDCl3): 6 (ppm) 8.25 (br's, 1H), 7.69 (t, 3/ = 8.1 Hz, 1H), 7.60
—7.43 (m, 5H), 7.08 (d, 3/ = 7.3 Hz, 1H), 6.90 (t, >/ = 6.7 Hz, 1H), 6.67 (d, >/ = 8.5 Hz, 2H), 3.03 (s, 6H). 1'B
NMR (160.5 MHz, CDCls): & (ppm) 1.70 (t, J = 31.0 Hz). HRMS (ESI-TOF) m/z: [M+H] calcd for
C2H1sBF2N4: 387.1587; found 387.1588. Because of the poor solubility of 7b in organic solvents and so
in CDCI3, a *C{H} NMR could not be obtained.
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